We sought to analyze clinical, angiographic, and outcome correlates of hemodynamic parameters in cardiogenic shock. BACKGROUND The significance of right heart catheterization in critically ill patients is controversial, despite the prognostic importance of the derived measurements. Cardiac power is a novel hemodynamic parameter.
The usefulness of hemodynamic measurements with right heart catheterization (RHC) in critically ill patients has been questioned (1, 2) . Echocardiography has largely obviated the role of RHC as a diagnostic tool for the etiology of cardiogenic shock (3) (4) (5) , and the echocardiographic assessment of cardiac function is of prognostic importance (6, 7) . Although studies examining the utility of RHC and measurement of pulmonary capillary wedge pressure (PCWP) and cardiac output (CO) did not demonstrate significant beneficial effects on patient outcome (1, 8, 9) , PCWP and CO had independent prognostic value in 995 patients in cardiogenic shock in the Global Utilization of Streptokinase and Tissue Plasminogen Activator for Occluded Coronary Arteries-I (GUSTO-I) trial (10) .
The "SHould we emergently revascularize Occluded Coronaries for cardiogenic shocK" (SHOCK) trial was a randomized trial of a strategy of early revascularization for cardiogenic shock complicating an acute myocardial infarction (MI) (11) . The results of the randomized trial have been reported (12) . Patients who were ineligible for the randomized trial or who were trial-eligible but not randomized were prospectively enrolled in the SHOCK trial registry.
The purpose of the present study was to evaluate clinical, angiographic, and outcome correlates of hemodynamic parameters of patients with suspected cardiogenic shock secondary to left ventricular (LV) dysfunction after an acute MI.
In addition to analyzing traditional hemodynamic variables including blood pressure, PCWP, cardiac index (CI), and systemic vascular resistance (SVR), we evaluated a novel hemodynamic measure: cardiac power. Using the physical rule of fluids (power ϭ pressure ϫ flow), cardiac power is the product of simultaneously measured cardiac output (or index) and mean arterial blood pressure. Therefore, by coupling both pressure and flow domains of the cardiovascular system, it is a measure of cardiac pumping (13) . Cardiac power can be determined without RHC noninvasively using various devices (14) . In recent studies, cardiac power was shown to be instrumental in the diagnosis of cardiogenic shock (15) and an important determinant of outcome in patients with cardiogenic shock (16) and chronic heart failure (17) .
METHODS
Study design and data collection. The design of the randomized SHOCK trial and SHOCK trial registry has been published (11, 18) . Enrollment in the SHOCK trial registry required only that cardiogenic shock was suspected on clinical grounds; RHC was not mandated. Patients were prospectively registered at 36 international sites between April 1993 and August 1997. Data were collected from patient charts by centrally trained study coordinators who entered the data onto standardized study report forms. Patient characteristics, MI characteristics, hemodynamic data, medications, procedures used, and vital status at discharge were recorded. The coronary angiograms obtained in the SHOCK trial registry were analyzed by the local site investigators. Data from cardiac catheterization reports from all sites were abstracted at the SHOCK trial clinical coordinating center where standardized report forms were completed. Definitions. Predominant LV failure was indicated by the site investigators as the etiology of cardiogenic shock if none of the following shock categories was thought to be present: isolated right ventricular shock, acute severe mitral regurgitation, ventricular septal rupture, cardiac tamponade or rupture, prior severe valvular heart disease, dilated cardiomyopathy, excess beta or calcium channel blockade, and cardiogenic shock associated with recent hemorrhage or cardiac catheterization laboratory complication.
Patient population and hemodynamic measurements.
The following report is based on 541 patients with predominant LV failure whose hemodynamic measurements were made between 6 h before and up to 12 h after shock diagnosis ( Fig. 1) . Measurements of LV ejection fraction were included if they were obtained one day before, on the same day as, or one day after shock diagnosis.
Of the 541 patients analyzed, 406 (75%) underwent RHC (Fig. 1) . Compared with patients who did not undergo RHC, those with RHC were younger; less likely to have had a prior MI or renal insufficiency; had higher systolic blood pressure and diastolic blood pressure, heart rate, and peak CPK; and were more frequently treated with dobutamine and an intra-aortic balloon pump (IABP) ( Table 1) .
The following measures were available on only one-half to approximately two-thirds of the patients undergoing RHC due to an expansion of the case report forms during the study period: CO, mean right atrial pressure, pulmonary artery systolic pressure, and pulmonary artery diastolic pressure. In addition, right ventricular systolic pressure and right ventricular diastolic pressure were optional and only available on just over one-fifth of RHC patients. Cardiac index was recorded in 282 patients and PCWP recorded in 378. Left ventricular ejection fraction was measured in 196 patients (in 52% by echocardiography, in 47% by LV angiography, and in 0.5% by gated blood pool scan).
An estimate of coronary perfusion pressure was calculated as diastolic blood pressure Ϫ PCWP. Nine patients with a coronary perfusion pressure Յ0 mm Hg were excluded from this analysis (n ϭ 329). Their coronary perfusion pressure results are likely due to nonsimultaneous measurements of diastolic blood pressure and PCWP or technical problems (underestimation of diastolic blood pressure with arm cuff, zero position for RHC at bedside).
Cardiac . Hemodynamic measurements included those recorded while the patients were receiving supportive therapy (sympathomimetic amines, 95%; and/or dobutamine, 60%; and/or IABP, 59%). If a patient had no IABP or if the RHC measurements were obtained before insertion of the IABP or after removal of the IABP, then RHC data were considered off IABP (73%). Right heart catheter measurements made in the time interval between IABP insertion and removal were considered on IABP support (27%). Statistical methods. Descriptive statistics are presented as mean Ϯ SD for continuous data (or median and quartiles for skewed data) and percentages for categorical data. A p value of Յ0.05 was considered as statistically significant. Fisher's exact test was used to compare all group proportions.
Associations of continuous variables with patient characteristic subgroups such as right heart catheterization, gender, history of hypertension, prior MI, history of congestive heart failure, diabetes, and renal insufficiency were examined using Student's t test for normally distributed variables (heart rate) and the Wilcoxon rank-sum test for nonnormally distributed variables.
Hemodynamic parameters by culprit artery and number of diseased vessels were analyzed using analysis of variance to compare normally distributed variables (heart rate and pulmonary artery diastolic pressure) and the Kruskal-Wallis test to compare non-normally distributed variables. For significant overall effects, pairwise comparisons used the Bonferroni method of adjustment to determine significance.
Logistic regression analysis was used to examine the relationship between in-hospital mortality and hemodynamic parameters and to display predicted mortality as a function of CPO. Units for odds ratios from logistic regression were determined using a rule of approximately 50% of the SD with rounding to the next appropriate unit.
Using logistic regression and linear regression, patient characteristic and hemodynamic correlates of CPO or CPI and in-hospital mortality were assessed. In the subset of patients with CPO data, logistic regression was performed to determine correlates of both CPI and in-hospital mortality. Those variables that remained significant at the 0.20 level when modeled with CPI were entered into a multivariate model. Single variables were removed in a stepwise method until a model meeting a 0.05 significance level in all variables was attained. These steps were repeated with CPO.
In addition, receiver operator characteristic analysis was performed to determine a cutpoint for CPO that provides an approximately equivalent sensitivity and specificity for predicting in-hospital mortality.
Linear regression, with log-transformation of CI to achieve normality, was used to study the relationship between CI, CPI, SVR, SVR index, including age, gender, and hemodynamics.
Spearman correlation coefficients were used to estimate univariate associations between CI, CPI, or SVR, and age.
Analyses were conducted using the Statistical Analysis System (SAS, version 8.2., Cary, North Carolina) and S-Plus 6 (Insightful Corp., Seattle, Washington) software. 
RESULTS
Hemodynamic correlates of in-hospital mortality. The overall mortality of the examined population (n ϭ 541) was 56.8%. The mortality of the subset of patients with CPO data (n ϭ 189) was significantly lower than those without CPO data (n ϭ 352) (42.9% vs. 64.2%, p Ͻ 0.001).
On univariate analysis, a number of hemodynamic variables were correlated with in-hospital mortality (Table 2) . Multivariate logistic regression models were used to assess the strength of CPI (n ϭ 178) and CPO (n ϭ 181) as correlates of in-hospital mortality after adjusting for patient characteristics and/or other hemodynamic parameters related to both in-hospital mortality and CPI or CPO. Cardiac power index (p ϭ 0.004) and CPO (p ϭ 0.002) remained independently associated with in-hospital mortality after adjusting for the only remaining significant covariates, age and history of hypertension (Tables 3 and 4 ). In addition, after adjusting for age and hypertension, LV work index (n ϭ 171) with an odds ratio (95% confidence interval) per 0.4 kg-m/min ϫ m 2 increase of 0.75 (0.60, 0.93), p ϭ 0.009, and LV work (n ϭ 174) with an odds ratio (95% confidence interval) per 0.7 kg-m/min increase of 0.75 (0.60, 0.92), p ϭ 0.006, also remained independent, but weaker, correlates of in-hospital mortality. Cardiac power index, CPO, LV work index, and LV work continued to be significant correlates of mortality after controlling for IABP use. Predicted in-hospital mortality as a function of CPO with pointwise 95% confidence bands is displayed in Figure  2 . The odds ratio for mortality without adjustment for baseline characteristics is 0.55 for each 0.20-W increase in CPO, that is, there is a 45% decrease in the odds of death. Cutoff value for CPO to determine in-hospital mortality. Because CPO was the strongest independent hemodynamic correlate of outcome in the present cohort, we have attempted to determine a cutoff value for CPO that is most accurately related to outcome. By receiver operator characteristic analysis, assuming an approximately equal sensitivity and specificity of 0.66, a CPO of 0.53 W was found to most accurately predict in-hospital mortality (c-statistic ϭ 0.69). The probability of in-hospital mortality with a CPO Յ0.53 5 , p Ͻ 0.001). Although women were significantly older than men (70.7 Ϯ 11.6 vs. 66.2 Ϯ 12.6 years, p Ͻ 0.001), after adjusting for age, female gender remained associated with CPI (p ϭ 0.032), CI (p ϭ 0.002), and SVR (p Ͻ 0.001). In the subset of patients with SVR data (n ϭ 142), support with epinephrine (42.9% vs. 26.7%, p ϭ 0.067) and norepinephrine (30.4% vs. 18.6%, p ϭ 0.154) tended to be used more frequently in women compared with men, although not statistically significant. Dopamine use was similar in women and men (87.5% vs. 86.1%, p ϭ 1.000). After adjusting for epinephrine and norepinephrine use, female gender remained a significant correlate of SVR (both, p Ͻ 0.001). Also, in the subset of patients with SVR data (n ϭ 143), utilization of IABP support was comparable for women and men (59.7% vs. 62.8%, p ϭ 0.728).
A total of 51% of patients had a history of hypertension, while 38% of patients had a prior MI, and 18% had congestive heart failure. A history of hypertension was associated with lower CPI (0. 31 Table 5 ). The coronary perfusion pressure in patients with left main MI was lower than for all other culprit arteries (26.0 Ϯ 21.9 vs. 34.5 Ϯ 13.9 mm Hg, p ϭ 0.054).
Standard hemodynamic parameters including SVR, SVR index, and CPI were unrelated to the number of diseased vessels, whereas coronary perfusion pressure was significantly lower in patients with three-vessel disease compared 
DISCUSSION
Limitations of traditional hemodynamic measures. Hemodynamic monitoring has been used extensively during the last decades for risk stratification and guiding treatment of patients with cardiovascular destabilization, especially acute heart failure and cardiogenic shock. However, in recent years, RHC has been complemented by echocardiographic evaluation in the risk stratification of these patients (19) . The echocardiographic measurement of LV ejection fraction and the severity of mitral regurgitation are strongly correlated with the outcome of patients in cardiogenic shock (20) . Although RHC-derived hemodynamic measurements like PCWP and CO are correlated with outcome (10), RHC use, per se, is not associated with any benefit (1,2) and has raised concerns about harm (1, 2, 8) . This observation is likely responsible for the diminishing use of RHC in patients with hemodynamic instability (21) , despite the lack of sufficiently powered randomized trials (22) .
There are various possible explanations for this apparent paradox. Some of the current treatments applied to patients with acute heart failure and cardiogenic shock were shown to improve symptoms, but not final outcome. Hence, the titration of medications to achieve a set of predetermined hemodynamic goals might be actually detrimental to the patient (23) (24) (25) . Moreover, it is possible that the hemodynamic measures and their presumed target values used in "treatment protocols" (26) are misleading. Primarily, CI and PCWP are currently used for hemodynamic monitoring. However, CI is not an index of cardiac contractility, but rather a measure of cardiovascular flow and, therefore, affected by contractility, vascular stiffness, and resistance, as well as intravascular volume and ventricular filling pressures. Pulmonary capillary wedge pressure is a measure of intracardiac pressure, reflecting ventricular compliance and volume status, but not directly representing cardiac performance or pumping ability. Therefore, although these measures are correlated with patient outcome in some studies, they might be only secondarily related to more fundamental hemodynamic effectors. Cardiac power. In attempting to characterize a system composed of an energy source and pipes conducting this energy, the usual parameters used for characterizing the system are the power of the energy generator and the resistance of the conducting pipes. In the cardiovascular system, the pumping power of the heart can be determined by cardiac power, which is the product of simultaneously measured CO (cardiovascular flow) and mean arterial (ϭin-travascular) pressure.
Tan et al. (16) has shown that the resting CPO for a hemodynamically stable average sized adult is approximately 1 W. However, during stress or exercise, cardiac power reserve can be recruited to increase the heart's pumping ability up to 6 W. In patients with chronic heart failure, this recruitable reserve is significantly diminished and is strongly correlated with outcome (17, 27) .
In acute heart failure, on the other hand, the patient becomes hemodynamically unstable, and most of the cardiac pumping potential is recruited in order to sustain life. Hence, cardiac power measurements in patients with acute heart failure at rest represent most of the recruitable reserve available during the acute event, and their measurement reflects the severity of the patient's condition.
In a recent study (15) , we evaluated hemodynamic variables in patients with acute hemodynamic decompensation due to a variety of causes. We observed that CI, PCWP, and blood pressure were not instrumental in determining the patient's exact diagnosis. It could be determined, however, with an accuracy of 95% by combining individual measures of cardiac power and SVR. Moreover, studies attempting to use CI and PCWP changes as measures for treatment modulation in heart failure failed to show any significant clinical effect (28) . We were also able to show that cardiac power measured at admission in patients with acute heart failure is strongly correlated with the rate of recurrent heart failure events during follow-up (29) .
The results of the present study demonstrate that many hemodynamic variables including mean arterial pressure, CO, Fincke et al. July 21, 2004:340-8 Cardiac Power in Cardiogenic Shock CI, and LV ejection fraction are correlated with outcome in patients with cardiogenic shock secondary to severe LV dysfunction. In contrast with the findings in GUSTO-I, PCWP was not a correlate of mortality in our study. On multivariate analysis, cardiac power and LV work were found to be the only independent hemodynamic correlates of in-hospital mortality, with cardiac power being a stronger correlate than LV work. Cardiac power represents the rate of energy input the systemic vasculature receives from the heart at the level of the aortic root. This is the amount of energy available to maintain the perfusion of the vital organs in shock. Left ventricular cardiac work, in contrast, is the amount of energy imparted only by the LV to the volume of blood ejected per minute. It does not include the contribution of the left atrium to the maintenance of the systemic circulation. Also, CPO was a better correlate than CPI. Several studies have demonstrated an independent association between low body weight, short height, and increased mortality after an acute MI (30 -32) . Therefore, the adjustment of CPO for body size yielding CPI may result in a weaker association with mortality. Furthermore, body surface area may not be an adequate measure to correct for patient size and may skew the correlation of CPI with mortality. Of note, in the GUSTO-I database, CO was a better predictor of outcome than CI, although the authors suggest that this may be related to the smaller number of patients with available CI data (10) . By receiver operator characteristic analysis, we were able to determine that a CPO Յ0.53 W has a sensitivity and specificity of 0.66 to determine in-hospital mortality. The positive and negative predictive values for this CPO cutoff were 58% and 71%, respectively. These relatively low predictive values-despite a strong association of CPO with mortality-reflect the strength of analyzing CPO as a continuous versus a categorical variable and demonstrate that there is not an important threshold effect. In a study examining the outcome of patients admitted due to acute heart failure and monitored by right heart catheterization, a similar cutoff point was found to be useful for predicting the rate of recurrent heart failure and death (G. Cotter, personal communication, April 15, 2003) . The correlation between low CPO and poor outcome was demonstrated previously by Tan et al. (16) , whose observed cutoff for increased mortality (CPO Ͻ1 W) was, however, higher than the one determined in the present study. This discrepancy may be explained by the fact that in Tan's study (16) the CPO values for predicting prognosis were obtained at doses of pharmacologic support yielding the individual maximal CPO, whereas in our study there was no prespecified protocol to record the CPO at maximal support. Furthermore, Tan et al. (16) did not use receiver operator characteristic analysis.
In addition to its prognostic significance, CPO can be determined without RHC. The measurement of CO by whole body electrical bioimpedance is accurate with the exception of diseases of the aorta and aortic valve and significant peripheral edema. It may also avoid the potential overestimation of CO by thermodilution in low CO states (14) .
We found a significant decrease of CPI with increasing age. In normal aging hearts, there is a natural attrition of about 35% of cardiac myocytes throughout adult life. Despite a compensatory cellular hypertrophic response, this loss of contractile cells leads to diminished cardiac function with decreased peak CPI and cardiac functional reserve (33, 34) . Furthermore, the capacity of the cardiovascular system to react to a catecholamine-mediated response to stress may be diminished with advancing age (35) (36) (37) .
Female gender was associated with a lower CPI, independent of age. Whether this is a result of differential catecholamine-mediated responsiveness or other mechanisms is unknown. Left main culprit artery, three-vessel disease, and coronary perfusion pressure. Patients with left main MI appear to have higher right-sided pressures and SVR and lower CI and CPI than patients with other culprit arteries, but these differences did not reach statistical significance for most parameters, likely due to the small sample sizes.
Of note are the low median SVR values, despite vasopressor use, with a very wide range for all culprit arteries except for patients with left main MI. This might be related to an inflammatory component in the pathogenesis of cardiogenic shock (38) .
In patients with left main MI, we found a lower coronary perfusion pressure than for all other culprit arteries. Coronary perfusion pressure was the only hemodynamic variable that was related to the number of diseased vessels. It was significantly lower in patients with three-vessel disease compared with patients with either zero/one-, or two-vessel disease. A decreased pressure gradient between the coronary arterial system and the LV plays a central role in the initiation and progression of the downward spiral of hypoperfusion and worsening LV dysfunction in cardiogenic shock (39) . Below the lower limit of the autoregulatory range, coronary flow decreases markedly when the perfusion pressure is decreased (40) . Thus, the high mortality for patients in cardiogenic shock with left main MI (78.6%) and three-vessel disease (50.8% vs. 39.8% vs. 35.0% for patients with two-vessel and zero/one-vessel disease, respectively, p ϭ 0.002) is not surprising (41) . Study limitations. The majority of RHC measurements (73%) were obtained while the patients had no IABP support. A total of 27% of patients had their RHC measurement completed in the time interval between IABP insertion and removal. Whether the IABP was on standby during the time of RHC measurement is not known. Intra-aortic balloon pump significantly increased mean arterial pressure and CI in a study of patients in cardiogenic shock (42) . Therefore, IABP use is expected to increase CPO. Most patients were on supportive therapy with sympathomimetic amines (95%) and/or dobutamine (60%). These are likely to increase CPO, but the combination and intensity of various forms of support in relation to RHC measurements was not assessed. Cardiac power output remained a significant correlate of mortality after controlling for IABP use. It is unlikely that the predictive power of CPO was overestimated because of the supportive treatment. In contrast, CPO might be a stronger correlate of mortality in the absence of any support measures, because the difference in CPO between patients of various degrees of cardiovascular compromise may be blunted by the supportive therapy.
Conclusions. Cardiac power is a novel hemodynamic measure. By incorporating both flow and pressure domains, it represents the cardiac pumping ability. In the present study, cardiac power is the strongest hemodynamic correlate of outcome for patients in cardiogenic shock. Increasing age and female gender are independently associated with lower cardiac power.
